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Abstract
Memristors or memory resistors are promising two-terminal devices, which have the
potential to revolutionize current electronic memory technologies. Memristors have been
extensively investigated and reported to be practical devices, although they still suffer from poor
stability, low retention time, and laborious fabrication processes.
The primary aim of this project was to achieve a device structure of quantum dots or thin
films to address a fundamental challenge of unstable resistive switching behavior in memristors.
Moreover, we aimed to investigate the effects of light illumination in terms of intensity and
wavelength on the performance of the fabricated memristor. The parameters such as power
consumption, retention time, endurance, and stability were investigated to determine the overall
performance of the device. The experiment was designed and divided into three steps. First, a
memristor was designed, fabricated, and characterized to explore the resistive switching
mechanism in the device. Second, the same material used in the first step was incorporated into a
photodetector, which was characterized to investigate the device photosensitivity, detectivity,
responsivity, and photocurrent to dark current ratio. Finally, a new device was designed,
fabricated, and characterized, which showed both memristivity and photodetectivity properties.
The device is called a photomemristor since it has both functions of a memristor and a
photodetector.
The “bottom-up” approach was used for fabricating the proposed memristor. In bottom-up
methodology, nanostructures are synthesized and then assembled onto the substrate by stacking
crystal planes onto each other. The fabricated memristors demonstrated bipolar resistive switching
behavior with a low working voltage, efficient power consumption, and high endurance. We
suggested the resistive switching mechanism of the device is related to the formation and rupture

of conducting filaments inside the switching layer of the memristor. Moreover, the conduction
mechanism and electron transport in the switching layer of the device during the resistive
switching process were analyzed. In addition, the effect of light illumination on the performance
of the device was investigated and the SET voltage of the memristor was reduced as the light
intensity increased. A gold-coated probe tip was used as the top electrode to confine the conductive
filaments growth. The obtained results demonstrate significant improvement in the resistive
switching behavior in terms of stability and uniformity compared to similar devices with larger
electrode surface area.
This work provides new insights and suggests a measurement setup to further understand
the resistive switching behavior in metal oxide and perovskite thin films for future applications of
optoelectronic memristors in logic circuits, digital data storage, the internet of things, and
neuromorphic computing.
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Chapter 1: Introduction
Memristors (memory + resistor)
Memristor or memory resistor was first introduced by Leon Chua in 1971. He predicted
the memristor as the fourth fundamental circuit element from the symmetry arguments. There are
four fundamental circuit variables that are used to describe the relations between basic circuit
elements, including resistor, capacitor, inductor, and memristor. These variables are electric
voltage (v), current (i), charge (q), and magnetic flux (𝜑). A new parameter called Memristance
(M) is defined to connect electric charge and magnetic flux in memristors, 𝑑𝜑 = 𝑀(𝑞)𝑑𝑞. If we
substitute the equations on the boundaries shown in Figure 1.1, 𝑑𝜑 = 𝑣𝑑𝑡 and 𝑑𝑞 = 𝑖𝑑𝑡 into 𝑑𝜑 =
𝑀(𝑞)𝑑𝑞, we have 𝑣 = 𝑀(𝑞)𝑖. If we assume a linear memristive system, memristance is a constant
value that is identical to resistance. But, if memristance is a function of charge then we have a
nonlinear dynamical system [1].

Figure 1.1. The basic circuit elements are described by relations between fundamental circuit
variables.
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There are two types of memristive systems, first, ionic thin film memristive systems that
rely on the material properties and show pinched hysteresis by the application of electric fields.
Second, magnetic memristive systems that rely on the electron spin and show pinched hysteresis
by the application of magnetic fields. In this work, we focus on the ionic thin film memristive
systems.
Memristors and human brain
The human brain can perform sophisticated computing tasks, like memorizing, learning,
and recognition with extremely low energy consumption. Therefore, brain-inspired nanoscale
devices can revolutionize information technology by mimicking the human brain. Achieving this
goal requires introducing a scalable platform capable of reproducing the inherent functions of
biological synapses in the human brain. To this aim, extensive efforts have been devoted to design
and optimize a device able to emulate the “strength change” observed in human synapses [2]–[5].
The strength change refers to a process in which synapses are stimulated by neural spikes in such
a way that the connection between two neurons is either facilitating or inhibiting through
potentiation and depression mechanisms, respectively. This synapse’s behavior is called
“plasticity” and replication of synapses plasticity is the fundamental challenge to mimic the human
brain. In a biological synapse, the ionic flow between two neurons can precisely adjust the synaptic
strength, which enables the brain to learn and function [2], [4]. Therefore, the idea is to design and
fabricate an optimal electronic device that can mimic the synaptic strength. Among electronic
devices to emulate synapses, memristors have been investigated the most. A memristor (memory
+ resistor) is a two-terminal electronic device that features conductance change upon the
application of electrical stimuli [6]. Memristors can perform as an artificial synapse by exploiting
the same mechanisms to emulate the potentiation with increasing conductance and depression with
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decreasing conductance. Similar to the synaptic strength, a memristor can modify its conductance
from High Resistance State (HRS) to Low Resistance State (LRS) by controlling the charge flow
through the device, this mechanism is called resistive switching (RS). The concept of using a
memristor as an artificial synapse is shown in Figure 1.2(a). In short, neural spikes trigger vesicles
holding chemical messengers called neurotransmitters, and vesicles move through the presynaptic
neuron cell. Then, the vesicles merge with the neuron’s membrane, spilling the neurotransmitters
into the tiny space of 20-40 nm (synapse). Floating neurotransmitters move through the synapse
and finally dock into the receptors to carry the message signal across the neurons [7]. Figure 1.2(b)
demonstrates the magnified synaptic junction and the proposed memristor’s general structure as
an artificial synapse. The top and bottom electrodes resemble pre-and postsynaptic neurons, and
the metal oxide layers resemble the gap or biological synapse. We can model neurotransmitters as
oxygen vacancies or traps in the metal oxide layer. As we apply the bias voltage to the memristor,
the oxygen vacancies form a conductive filament, and the device goes to the LRS state. On the
other hand, as the bias polarity changes, oxygen vacancies move and break the filament, therefore
the device switches back to the HRS state [8]. The resistive switching mechanism in different
materials is still under debate and further investigations are required to improve the RS behavior
in memristor-based artificial synapses [9]. Supported by recent studies on artificial synapses,
researchers tend to improve the stability, endurance, and uniformity of the RS behavior in synaptic
memristors. Specifically, the main challenge is to prevent sudden ruptures in the memristor’s
conductive filament (CFs) during the RS process [10]. To address these problems, different
structures of metal oxide quantum dots (QDs) and thin films are investigated to control the
formation of conductive filaments in memristors.
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Figure 1.2. General schematics of a biological and artificial synapse. (a) Schematic diagram of
presynaptic and postsynaptic neurons connected through a synapse. (b) A general structure of
the memristor-based artificial synapse, inspired by a biological synapse. (c) The circuit model
of the memristor and the measurement setup. (d) The resistive switching phenomena in theory.
Figure 1.2(c) illustrates the circuit model of a memristor and the measurement setup for IV characterization, which is expected to show the resistive switching phenomena shown in Figure
4

1.2(d). As the blue arrow indicates, in a positive voltage sweep, the device stays in the high
resistance state (HRS) until an abrupt change occurs, and the device changes its state to the low
resistance state (LRS). As the bias voltage sweeps back from positive to negative, the device
maintains its state until another sudden current drop occurs at a negative voltage value, and the
device resets back to HRS again. This cyclic mechanism is called memristive behavior because
the device can memorize its resistance state. To analyze the performance of the fabricated
memristor, the power consumption and following properties must be measured:
1- Retention time: the maximum time that the memristor can maintain its resistance state
2- Endurance: the maximum number of switching cycles in which the memristor shows
consistent resistive switching behavior
3- Stability: the uniform transition between resistance states
Another important factor that determines the overall performance of a memristor is power
consumption. The power consumption depends on the output current, set, and reset voltages. It can
be challenging to reduce the set and reset voltages in memristors. For example, Figure 1.3(a)
demonstrates a device made of titanium oxide (TiO2) thin films sandwiched between gold (Au)
and (Ti) electrodes. The device sets to LRS at -3.1 V in the negative voltage sweep, and in the
positive voltage sweep, the device resets to HRS at +4 V. Thus, the set and reset voltages are high
in this device which may not be useful in practical applications. Another example is shown in
Figure 1.3(b), a device made of zinc oxide (ZnO) quantum dots sandwiched between Au and
fluorine-doped tin oxide (FTO) electrodes. Regardless of high set and reset voltages, the current
transitions between LRS and HRS are not uniform. Therefore, this device may not be applicable
in practical memristive applications.

5

(a)

0.056

Current (A)

RESET

0.028
0.000
SET

-0.028
-0.056
-5

-4

-3

-2

-1

0

1

2

3

4

5

4

5

Bias Voltage (V)
(b)
RESET

Current (A)

0.038
0.019
0.000
-0.019
-0.038
-5

SET

-4

-3

-2

-1

0

1

2

3

Bias Voltage (V)
Figure 1.3. (a) Resistive switching behavior of a device made of titanium oxide (TiO2) thin films
sandwiched between gold (Au) and (Ti) electrodes. (b) Resistive switching behavior of a device
made of zinc oxide (ZnO) quantum dots sandwiched between gold (Au) and (FTO) electrodes.
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Applications
Memristors are widely used in non-volatile memory applications as they can retain data
with low power consumptions [11]. Memristors can be used to mimic biological and neuromorphic
systems. Memristor-based artificial synapses can highly contribute to the larger fields as they
promise a significant impact on the electronics industry [12]. Specifically, memristors provide
additional advantages over conventional memories such as low power consumption and higher
storage density. Recently developed crossbar memristors are capable of power-efficient storage in
a very small space, where they can address 128 TB of memory in one square centimeter [13].
Therefore, the proposed project contributes to performance enhancement in electronic circuits
from low power to remote sensing applications.
Specific aims
At the completion of this project, we aim to successfully achieve a device structure of
quantum dots or metal oxide thin films to address a fundamental challenge of unstable resistive
switching behavior in memristors. Moreover, we aim to investigate the effects of light illumination
in terms of intensity and wavelength on the performance of the fabricated memristor. The
parameters such as power consumption, retention time, endurance, and stability determine the
overall performance of the device. In the following, we introduce research objectives that facilitate
the achievement of our aims.
1. To investigate the underlying factors that cause unstable resistive switching in memristors
2. To assess current strategies to stabilize resistive switching behavior in memristors
3. To explore the effect of various thin films or quantum dots on the memristor’s performance
4. To investigate a method in which a gold-coated probe tip used as a top electrode
5. To investigate the effects of light illumination on the performance of a memristor
7

6. To evaluate and compare the performance of the fabricated memristors
7. To identify the optimal memristor’s structure and proceed to the optimization process
Therefore, we can design and analyze our experiments in the following steps shown in
Figure 1.4. The synthesized materials shown in Table 1 are used to fabricate multiple devices with
different structures, dimensions, and applications. In the first step, a memristor is designed,
fabricated and characterized to explore the resistive switching behavior of the device. The same
material is used in the second step to fabricate a photodetector which is characterized to investigate
the device photosensitivity, detectivity, responsivity, and photocurrent to dark current ratio. In the
third step, a new device is designed, fabricated, and characterized which shows both memristivity
and photodetectivity properties. The device is called a photomemristor since it has both functions
of a memristor and a photodetector.

Step 1: Memristor
Step 2: Photodetector
Step 3: Photomemristor
Figure 1.4. The experimental design is divided into three steps of design and fabrication of
memristors, photodetectors, and photomemristors.
Research strategy
In this work, we use a “bottom-up” approach for fabricating the proposed memristor. In
the bottom-up methodology, nanostructures such as quantum dots or thin films are synthesized
8

and then assembled onto the substrate by stacking crystal planes onto each other. A bottom-up
approach can promise nanostructures with uniform and homogenous chemical compositions [14].
We divide the experiment into four steps to explore the effect of individual variables. In the first
step of this experiment, we synthesize different types of quantum dots and thin films listed in Table
1. The listed materials have been separately used for memristive applications [15], [16].
Table 1. Types and properties of required QDs and thin films for the experiment.
Material
Zinc Oxide (ZnO)
Molybdenum trioxide (MoO3 )
Titanium dioxide (TiO2 )
Copper Oxide (CuO)
Nickel Oxide (NiO)
Hafnium dioxide (HfO2 )
Cesium lead bromide (CsPbBr3)

Synthesis
QDs
QDs
thin films
thin films
QDs
QDs, thin films
QDs, thin films

Intrinsic Type
n-type
p-type
n-type
p-type
p-type
n-type
p-type

Size or Thickness
10 nm in diameter
5 nm in diameter
60 nm in thickness
100 nm in thickness
5 nm in diameter
50 nm in thickness
60 nm in thickness

In the second step, we evaluate the quality, size, and thickness of synthesized QDs and thin
films. To this aim, we use scanning electron microscopy (SEM) to explore the size and thickness
of synthesized materials. Besides, X-ray diffraction (XRD) is used to characterize elements
constituting the material and crystal structure. The third step is to fabricate the proposed devices,
in which the active layer is either a single layer or composed of one type of quantum dots and the
opposite type of thin films for each device. We employ a fluorine-doped tin oxide (FTO) glass
substrate as the bottom electrode. Then, we use the spin-coating deposition technique to grow the
active layers of QDs or thin films for each device, followed by the top electrode metallization
using the electron beam deposition system at room temperature and the pressure of 5 × 10−6 Torr.
In the last step, we test and analyze the performance of the fabricated device using the Keithley
4200 SCS parameter analyzer and the solar simulator. The current-voltage (I-V) characterization
shows the resistive switching behavior including, endurance, uniformity, retention time, and on/off
ratio. After collecting data from all devices with different structures, we analyze the memristor’s
9

performance and identify the optimal memristor’s structure. At the end of this experiment, we
evaluate the proposed hypothesis, and then we proceed to the optimization process.
In the chapter 1, we report a stable and power-efficient memristor with a novel structure
and facile fabrication based on CuO-Cu2O complex thin films. The fabricated memristor consists
of CuO-Cu2O complex thin films as a switching layer, which is sandwiched between FTO and
deposited gold (Au) electrodes. The FTO as the bottom electrode acts as an oxygen vacancy
reservoir where oxygen vacancies can be stored or supplied during the resistive switching [17].
Moreover, FTO can tolerate high annealing temperatures without increasing the sheet resistance
during copper oxidization [17]. Au electrodes are deposited on top of the device because compared
to platinum (Pt) the Au contact is less expensive and demonstrates higher endurance [18].
Structural and memristive properties are characterized using Raman spectroscopy, UV-Vis
absorbance, and current-voltage (I-V) measurements. The memristivity is identified by the pinch
hysteresis loop and switching cycles from the high resistance state (HRS) to the low resistance
state (LRS). The memristor possesses a low operation voltage, high endurance, and uniformity.
Moreover, the carrier transport mechanisms have been investigated, suggesting the space charge
limited conduction (SCLC) to be the main conduction mechanism. In the chapter 2, we deploy
copper oxide thin films to develop UV-Visible photodetectors. The fabricated devices are
characterized in terms of photosensitivity, detectivity, and responsivity.
In the chapter 4, we design an optoelectronic memory device that functions as a memristor
and photodetector simultaneously. The proposed device has two inputs (light, voltage) and one
output (current). The resistive switching behavior of the memristor can be adjusted using light
illumination and voltage polarity. Figure 1.5(a) demonstrates a block diagram of the proposed
device, and a schematic picture of the fabricated device is shown in Figure 1.5(b). We aim to
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confine conductive filaments growth, which is highly localized, depending on the contact size
between the switching layer and top electrode. Therefore, the idea is to minimize the contact area
by applying a gold-coated probe tip onto the surface of the switching layer instead of depositing
top electrodes. The proposed device must be cost-effective with a simple structure and a facile
fabrication method. To this aim, we synthesized and characterized various types of perovskite thin
films and quantum dots incorporated into the device. For example, perovskite materials are widely
used for nonvolatile memristors [19]. Cesium lead bromide (CsPbBr3) thin films and quantum dots
show promising characterization results in terms of photosensitivity, detectivity, and responsivity
as they are investigated in our previous work [20]. Therefore, we focus on CsPbBr3 as a building
material in the device that we proposed.
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(a)

(b)

Figure 1.5. (a) A block diagram of the proposed device. (b) A schematic picture of the fabricated
device under light illumination with the adjustable intensity.
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Chapter 2: Resistive switching in FTO/CuO–Cu2O/Au memory devices
© 2020 IET. Reprinted, with permission and minor modifications, from A. Shariffar, H. Salman,
T. A. Siddique, W. Gebril, and M. O. Manasreh, “Resistive switching in FTO/CuO–Cu2O/Au
memory devices,” Micro Nano Lett., vol. 15, no. 12, pp. 853–857, Oct. 2020. [doi:
10.1049/mnl.2020.0300]
Abstract
Memristors are considered to be next-generation non-volatile memory devices owing to
their fast switching and low power consumption. Metal oxide memristors have been extensively
investigated and reported to be promising devices, although they still suffer from poor stability
and laborious fabrication process. Herein, we report a stable and power-efficient memristor with
novel heterogeneous electrode’s structure and facile fabrication based on CuO-Cu2O complex thin
films. The proposed structure of the memristor contains an active complex layer of cupric oxide
(CuO) and cuprous oxide (Cu2O) sandwiched between fluorine-doped tin oxide (FTO) and gold
(Au) electrodes. The fabricated memristors demonstrate bipolar resistive switching (RS) behavior
with a low working voltage (~1 V), efficient power consumption, and high endurance over 100
switching cycles. We suggest the RS mechanism of the proposed device is related to the formation
and rupture of conducting filaments inside the memristor. Moreover, we analyze the conduction
mechanism and electron transport in the active layer of the device during the RS process. Such a
facile fabricated device has a promising potential for future memristive applications.
Introduction
The memristor (memory + resistor) was first proposed by Leon Chua in 1971 as the fourth
fundamental circuit element [1]. A typical structure of two-terminal memristors consists of a
switching layer sandwiched between two metallic electrodes. Depending on the switching layer
properties, memristors are classified as bulk, interface, and filament types. The filament-type
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memristors continue to attract more research attention due to their superior performance. Among
filament types memristors, metal oxides are the most commonly used materials in which oxygen
vacancies form conductive filaments that are responsible for resistive switching behavior [2].
There have been several studies on metal-oxide memristors such as TiO2 [3], HfO2 [4], ZnO [5],
AlOx [6], WOx [7], TaOx [8], etc. Moreover, cupric oxide (CuO) has been also reported to show
bipolar memristive behavior [9]–[11]. In copper oxide memristors, the active layer is often made
by thermal annealing [12], or solution processing [13], which features inexpensive and low-power
operation [14]. The facile fabrication of copper oxide memristors is an advantage over other types
of metal oxide memristors however, further efforts are required to improve the stability, endurance,
and retention time during the RS mechanism [15], [16].
In this work, we report a stable and power-efficient memristor with a novel structure and
facile fabrication based on CuO-Cu2O complex thin films. The fabricated memristor consists of
CuO-Cu2O complex thin films as a switching layer, which is sandwiched between FTO and
deposited gold (Au) electrodes. The FTO as the bottom electrode acts as an oxygen vacancy
reservoir where oxygen vacancies can be stored or supplied during the resistive switching [17].
Moreover, FTO can tolerate high annealing temperatures without increasing the sheet resistance
during copper oxidization [18]. Au electrodes are deposited on top of the device because compared
to platinum (Pt) the Au contact is less expensive and demonstrates higher endurance [19].
Structural and memristive properties are characterized using Raman spectroscopy, UV-Vis
absorbance, and current-voltage (I-V) measurements. The memristivity is identified by the pinch
hysteresis loop and switching cycles from the high resistance state (HRS) to the low resistance
state (LRS). The memristor possesses a low operation voltage, high endurance, and uniformity.
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Moreover, the carrier transport mechanisms have been investigated, suggesting the space charge
limited conduction (SCLC) to be the main conduction mechanism.
Fabrication and experimental methods
A 100 nm-thick copper (Cu) thin film was deposited on the FTO substrate using electron
beam evaporation at room temperature. The vacuum pressure was kept at 6×10-6 Torr during the
deposition process. The as-deposited Cu metal film was annealed at 400 °C for 45 minutes in an
oxygen ambient environment to form the copper oxide thin film. The fabrication process of the
device is shown in Figure 2.1. We used Horiba LabRam micro-Raman spectrometer and Cary 500
UV-Vis-NIR Spectrophotometer to characterize the Raman and absorbance properties of the thin
film, respectively. The Raman measurements are performed using a continuous red (632 nm) laser
as the excitation source. The elastically scattered light is filtered out to detect the weaker
inelastically scattered light from optical phonons. The Raman spectrum is recorded in the range of
200 - 700 cm-1 to confirm the presence of copper oxide elements by comparing the position of
phonon modes with existing literature. We also measured the absorbance of the grown thin films
in the wavelength range of 300 – 800 nm, where the excitonic peak and bandgap of the copper
oxide can be observed. To achieve FTO/CuO-Cu2O/Au devices, the 50 nm-thick circle gold (Au)
electrodes with different areas were deposited using a shadow mask and electron beam
evaporation. We used the Keithley 4200 SCS parameter analyzer and a probe station for the
current-voltage I-V characterization of fabricated devices. For each device on the sample, we
applied the consecutive external DC voltages with different polarities between the Au and FTO as
top and bottom electrodes. The bias voltage is sweeping between +5 V and -5 V while the output
current is measured. All the measurements were performed at room temperature.
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Figure 2.1. The fabrication process of FTO/CuO-Cu2O/Au devices.
Results and discussions
Figure 2.2 plots the Raman scattering spectra of the grown copper oxide thin film. The
three peaks at 307 cm-1, 355 cm-1, and 640 cm-1 are the Raman fingerprints of CuO, which is
consistent with relevant studies [20], [21]. These strong peaks are assigned to Ag, Bg, and 2Bg
phonon modes, which can shift slightly depending on the annealing temperature of CuO [22].
There are also broad humps between 390 cm-1 and 640 cm-1, which indicate the presence of
cuprous oxide (Cu2O) phase [23]. Therefore, the prepared copper oxide thin film contains both
CuO and Cu2O phases. Figure 2.3 shows the optical absorption of CuO-Cu2O complex thin films
annealed at 400Cͦ. The thin films exhibit high absorbance in the UV region centered around 350
nm. The obtained indirect bandgap using the Tauc plot is 1.45 eV that is within the range reported
by [24], [25].
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Figure 2.2. The Raman scattering spectra of CuO-Cu2O thin films excited
by the red laser.
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Figure 2.3. The absorbance spectra of CuO-Cu2O thin films. The inset
demonstrates the Tauc plot representing the extrapolation of the linear part
of the curve to achieve the indirect bandgap of CuO-Cu2O thin films.
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A schematic picture and the structure of two-terminal memory devices studied in this work
are shown in Figure 2.4(a). Before performing I-V measurements, the electroforming process is
required to create a sufficiently strong electric field and initiate a soft breakdown of the switching
layer in the device. As a result, massive oxygen vacancies are introduced into the copper oxide
layer, which can form nanoscale conductive filaments [26]. To this aim, the applied voltage is
slowly increased with a current compliance of 1 mA to protect the device from a permanent
breakdown (not shown here). The electroforming process is observed at around -6 V, where the
current suddenly increases and stabilizes afterward. Then, when we sweep back the voltage from
negative to a positive value with a sweep rate of 10 mV/s, an abrupt current change occurs at
approximately 3.2 V, indicating resistive switching (RS) from an initial low resistance state (LRS)
to a high resistance state (HRS), which is called the “RESET” process. Subsequently, we sweep
the voltage from positive to a negative value, and the device remains at HRS until another RS
occurs around -1 V, and the device switches back from HRS to LRS, which is called the “SET”
process. The memristive behavior of the device with the smallest electrode’s diameter of 0.2 mm
can be observed from the measured current-voltage (I-V) characteristics shown in Figure 2.4(b).
We prepared multiple devices with different Au electrode areas, and the device with the smallest
diameter of 0.2 mm exhibits the best performance. Devices with the larger Au electrode areas
demonstrate poor performance in terms of endurance, retention time, and on/off ratio. A possible
reason can be related to the local resistive switching in the device due to the formation of highly
localized filaments [27]. As we expected, the I-V characteristics are asymmetric, which can be
used to differentiate similar conduction mechanisms from each other [28]. By sweeping voltage
repeatedly between positive and negative values, the I-V curves show little difference between
first and last sweeping cycles, indicating high endurance and reproducibility up to 100 cycling
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times (Figure 2.4(c)). Thus, the RS behavior is reversible and instantaneous, which is important
for a reliable nonvolatile memory mechanism. However, the origin of RS mechanism is still in
debate, relevant studies on copper-oxide based devices agree on the formation and rupture of
conducting filaments with oxygen vacancies accumulation and depletion induced by applying the
external voltage [29]. The scattered switching voltage distribution observed at OFF states in Fig.
3c is due to the rupture of filaments, either by ion migration or Joule heating [30]. Moreover,
symmetric multilevel transitions occur at both HRS and LRS states around ±1 V where the possible
reason might be the hopping conduction in which the shallow trapped electrons can surpass the
energy barrier and form the leakage current in discontinuous residual metallic filament [31]. This
phenomenon can also suggest a multilevel data storage capability of the device [32]. Another
advantage of this device is low power consumption (<4 µW), which is calculated by multiplying
the reading voltage (0.2 V) and LRS current values (<20 µA) [33].
(a)

Figure 2.4. The FTO/CuO-Cu2O/Au I-V characteristics.
(a) The schematic picture (left) and the structure of the fabricated
devices (right).
(b) A typical RS behavior of the FTO/CuO-Cu2O/Au device, where
arrows indicate the RS operation cycle with ON and OFF switching
(c) The I-V characteristics at consecutive switching cycles
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Figure 2.5(a) depicts the device endurance performance, in which the current values of
LRS and HRS are monitored at 0.2 V. The HRS current state is consistent over 100 cycles, and
LRS current also becomes stable after the first several cycles, indicating a good endurance of the
device performance. From the current ratio, the memory window is maintained well at more than
one order of magnitude difference thus, we can well distinguish between the binary storage
information. The retention characteristic is shown in Figure 2.5(b), which demonstrate continuous
sampling for around 2×104 s at room temperature. The HRS current state remains consistent while
the LRS current decays a little bit after 103 s and again maintains consistency around 10 µA. The
overall device performance is compared with recent publications in Table 1.
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Table 1: The device performance comparison between this work and
other publications regarding copper oxide resistive switching.
Device
Structure

Endurance
(cycle)

Retention
(s)

Set/Reset
(V)

On/Off
Ratio

Vforming
(V)

-1/+3.2

Power
Consumption
(W)
<4×10-6

FTO/CuOCu2O/Au
ITO/ CuxO/Au

>100

>2×104

>10

6

200

>104

-0.7/+0.7

<10×10-6

>10

free

Al/CuO/SS

-

600

+1.8/-1.8

-

-

free

Ti/CuxO/Pt

100

>102

+0.8/-1

6×10-4

100

14.8

Cu/CuO/AgO/
Ag
Cu/CuO/Ag

-

-

-0.8/+0.8

4×10-3

10

free

100

-

+2/-2

-

-

free

Ti/Cu2O/Cu

-

-

+0.55/0.3

20×10-6

>10

free

Fabricatio
n
Technique
thermal
annealing
solution
processing
hydrother
mal
thermal
annealing
solution
processing
thermal
annealing
DC
sputtering

Refs.

This
work
[13]
[9]
[27]
[14]
[12]
[34]

To further understand the switching and conduction mechanism of the device, the linear
fitting I-V characteristics of positive and negative bias regions are plotted on a separate double
logarithmic scale (Figure 2.6). In the low voltage negative bias region (Figure 2.6(a)), the curve’s
slope is approximately 1 for both HRS and LRS states, indicating the Ohmic conduction is
dominant at low voltages (I ∝ V). It means that thermally generated free carriers in the oxide film
mainly contribute to the conduction and exceed injected carriers when the applied bias voltage is
low. As the negative voltage scans forward, the curve’s slope increases to 2, which is following
Child’s square law (I ∝ V2). In the higher field regions, a steep current increase occurs around 1
V due to the formation of filaments and trapping the injected carriers in the oxide layer where I ∝
Va (a>2). For copper oxide thin films, the traps are well known to be as oxygen vacancies. When
traps or oxygen vacancies are gradually filled by injected carriers, the slope reduces to around 2
again [30]. Therefore, the fitting results suggest that the conduction mechanism follows the space
charge limited conduction (SCLC) model. This model is constituted of three regions: (1) Ohmic
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region, (2) Child’s square law or trap-unfilled SCLC region, and (3) trap-filled SCLC region.
According to the SCLC theory at higher fields or trap-free SCLC region,

𝐽=

9
𝑉2
𝜀𝜇𝜃 3
8
𝑑

Where 𝐽 is the current density, 𝜀 is the permittivity of the oxide layer, 𝜇 is the mobility of charge
carriers, 𝜃 is the ratio between free and shallow trapped charge carriers, and 𝑑 is the film thickness
[35]. In the positive bias region (Figure 2.6(b)), a similar conduction mechanism is observed,
which obeys the SCLC model. The LRS state with a slope of 1 is still maintained, which is
followed by the Child’s law with a slope of 2 until the rupture of conductive filament gradually
occurs, and the device resets back to HRS.
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Based on the above analysis, the RS mechanism is bipolar in which the SET and RESET
processes occur in different polarities. The resistive switching mechanism in the device is shown
in Figure 2.7. The forming or SET process is due to a dielectric soft breakdown in the oxide layer
[36], and then oxygen ions (O2-) move through the filament (oxygen vacancies) to the anode as an
oxygen vacancy absorber (FTO). At the anode interface, the oxygen ions reoxidize (O2- = O + 2e), creating an oxygen reservoir [29]. The RESET process occurs at the reverse polarity where
oxygen ions are repelled from the anode interface because they are negatively charged. Therefore,
based on the external voltage polarity, the oxygen ions are repelled or extracted back to the anode,
switching the device between LRS and HRS states. A detailed explanation of the filamentary
switching mechanism remains an area of active research.

Figure 2.7. The resistive switching mechanism in the copper oxide layer.

Conclusion
In summary, we reported a facile fabrication method and analyzed the resistive switching
behavior of the heterogenous electrodes structure of FTO/CuO-Cu2O/Au memristor. The copper
oxide complex layer after annealing is investigated by Raman and absorbance measurements. The
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conduction mechanism of this device is also investigated, which follows the space charge limited
conduction (SCLC) theory. The achieved results suggest high endurance, low SET voltage, and
efficient power consumption of the device. However, further investigations are required to increase
the retention time and on/off ratio in this type of memristor.
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Abstract
Copper oxide thin films are grown using copper nanofilms oxidized at high annealing
temperatures. The thin film crystallinity and surface morphology are probed using the X-ray
diffractometer and scanning electron microscopy, indicating that the crystalline quality of the
copper oxide thin films is improved by increasing the annealing temperature. Under ultravioletvisible light illumination, the fabricated device with thin films annealed at 900 °C and the
corresponding bandgap of 2.8 eV demonstrates the high responsivity of 15.1 A/W and maximum
detectivity of 4.52×1012 cmHz1/2/W. The photosensitivity of thin films annealed at 900 °C is more
than ten times higher than that of thin films annealed at 800 °C. The fabricated device works as a
visible-ultraviolet photodetector and maintains uniform and stable performance for a tested period
of eight weeks.
Introduction
According to recent studies, high-performance photodetectors are fabricated based on
various materials including metal oxides1), perovskites2,3), and transition metal dichalcogenides4,5).
Light-sensitive materials are synthesized in different forms and dimensions, like thin films,
quantum dots, nanowires, and two-dimensional materials6). Among different materials, copper
oxide is one of the most important metal oxide p-type semiconductors, which is widely used in
various optoelectronic applications, such as photodetectors7), solar cells8), and memristors9). A
facile fabrication process and the stabilized characteristics of copper oxide thin films make them
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suitable materials for ultraviolet10) and visible-light photodetectors11). Moreover, there is a
possibility to effectively tune the bandgap of copper oxide compounds and significantly enhance
the corresponding optical absorption12). Therefore, copper oxide-based photodetectors can be an
alternative to other high-performance photodetectors. However, the research on copper oxide
photodetectors is still at an early stage, and rigorous studies on the device optoelectronic
characteristics are required to enhance the photodetector performance in terms of photosensitivity,
detectivity, and responsivity13).
Various methods are used to prepare copper oxide thin films, such as magnetron sputtering,
sol-gel, pyrolysis, hydrothermal, pulsed laser deposition, thermal oxidation, and chemical vapor
deposition. Among these growth methods, thermal annealing is considered a facile and fast
fabrication method to grow copper oxide thin films and nanowires. In this method, the copper thin
films are simply subjected to heat treatments at high temperatures. The thin film's crystallinity and
surface morphology can be modified by controlling the heating rates, oxidation percentage, and
pressure14). Recently, a visible-light photodetector based on copper oxide thin films is investigated
using a grain-structure model15), which suggests the thermal annealing method to grow copper
oxide thin films for high-performance visible-light photodetectors. Another interesting application
of the thermal annealing method is in the growth of copper oxide nanowires, which has attracted
considerable attention due to its high sensitivity and stability for gas sensing applications. The
work reported by Steinhauer16), describes local CuO nanowires growth on microplates and
integration into a conductometric gas sensing device.
In this work, we report on the effect of high annealing temperature on the surface
morphology of copper oxide thin films to develop a UV-Visible photodetector. First, the deposited
copper thin films are annealed in air at temperatures of 800 °C, 850 °C, and 900 °C using the
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conventional thermal annealing method. Then, the crystallinity and surface morphology of the
copper oxide thin films are investigated to understand the effect of annealing temperature and
heating rate on the copper oxide optical properties. As a result, by controlling the annealing
temperature, the grain size and surface morphologies of the copper oxide thin films can be
engineered. Several photodetectors using prepared copper oxide thin films are fabricated, and the
current-voltage characteristics, photosensitivity, detectivity, and stability are investigated using
light sources with different intensities. The optoelectronic performance of the photodetector is
optimized simply by adjusting the annealing temperature of the copper oxide thin films. Finally,
the stable and reliable performance of the fabricated copper oxide photodetector illuminated by
the low-intensity light is confirmed.

Figure 3.1. The fabrication process of copper oxide photodetectors.
Experimental
The quartz substrates were rinsed ultrasonically using isopropanol, acetone, methanol, and
deionized water. The 80 nm-thick copper (Cu) thin films were deposited on the quartz substrate
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using Angstrom Nexdep electron-beam evaporator at room temperature. The vacuum pressure was
kept at 6×10-7 Torr during the deposition process. The as-deposited Cu thin films were annealed at
800, 850, and 900 °C for 1h in an oxygen ambient environment with a heating rate of 25 °C/min
and natural cooling to form the copper oxide thin films using the Thermo Scientific muffle furnace.
The fabrication process of the device is shown in Figure 3.1. We used Philips PW1830 X-ray
Diffractometer (XRD) and Cary 500 UV-Vis-NIR Spectrophotometer to characterize the XRD and
absorbance properties of the thin films, respectively. The absorbance of the grown thin films was
measured in the wavelength range of 200 – 800 nm, where the excitonic peak and bandgap of the
copper oxide can be observed. To achieve Au/CuO/Au devices, the 50 nm-thick interdigital gold
(Au) electrodes with the 10 µm finger-spacing were deposited using the photolithography method
following by the electron beam evaporation and lift-off process. The fabrication process is facile
and straightforward without any adhesion problems of copper oxide annealed at high temperatures.
We used a solar simulator as a light source with similar spectral composition to the sunlight from
UV to near-infrared and Keithley 4200 SCS parameter analyzer is utilized for the current-voltage
(I-V) characterization of the fabricated devices. All the measurements were performed at room
temperature.
Results and discussion
Figure 3.2(a) plots the XRD results of the prepared copper oxide thin films. The strong
peaks at 35.6º [002], 38.8º [111], and a weak peak at 32.6º [110] are all ascribed to the cupric oxide
(CuO) phase. The sharp diffraction peaks indicate the formation of CuO monoclinic crystal phase.
The corresponding 2𝜃 of the characteristic diffraction peaks of the three samples are consistent,
indicating that all the samples have the same phase. The dominant peaks at 35.6º [002] and 38.8º
[111] are increasing by the annealing temperature, indicating that the crystalline quality of the CuO
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thin films is improved by increasing the annealing temperature. Likewise, the optical absorption
of CuO thin films is shown in Figure 3.2(b). The absorption peak shifts from the UV to the visible
region by increasing the annealing temperature, which might be due to the change in the copper
oxide surface morphology17). The thin films annealed at 900 ºC exhibits high absorbance in the
visible region centered around 450 nm. Figure 3.2(c) demonstrates the 80 nm-thick copper oxide
thin films deposited on the quartz substrate and the corresponding SEM images of thin films
annealed at different temperatures are shown in Figure 3.2(d). The grain size is increasing, and the
grain boundaries are decreasing as the temperature is elevated to 900 ºC. As a result, the surface
morphology of the copper oxide thin films is largely influenced by temperature, as indicated by
SEM images and XRD spectroscopy. With an increase in annealing temperature, the average size
of cubic-shape grains increased, and thin-films crystallinity improved. The absorption peak shifts
from the UV to the Visible region by increasing the annealing temperature, and the energy bandgap
slightly shifts. The absorption spectrum is used to achieve Tauc plot from which the bandgap of
CuO is determined. The corresponding copper oxide phase is a cupric oxide (CuO) which is a
dominant phase in high annealing temperature. These thin films are used to fabricate interdigital
photodetectors with the finger-spacing of 10 µm.
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Figure 3.2. (a) XRD patterns of the copper oxide thin films are shown at different annealing
temperatures. (b) The absorbance spectra of the copper oxide thin films are shown at different
annealing temperatures. (c) The 80 nm-thick copper oxide thin films on the quartz substrate. (d)
The corresponding SEM images taken from samples annealed at different temperatures.
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The current-voltage (I-V) characterization of the fabricated photodetectors is measured at
room temperature under different light intensities. Figure 3.3(a) shows the I-V characteristics of
the devices based on copper thin films annealed at temperatures of 800, 850, and 900 ºC. The I-V
characteristic is asymmetric, suggesting the Au-CuO junction is Schottky. The dark current is
strongly affected by increasing the annealing temperature to 900 ºC, which can be explained by
the grain-structure model. The copper oxide grain size significantly increases by increasing the
annealing temperature, reducing the contacting size between adjacent grains. Therefore, the dark
current decreases because the contact resistance increases. likewise, the photocurrent is also
increasing by the annealing temperature since the generation of photocarriers increases by the
larger grain size18). The devices annealed at 800 °C experience a less significant drop in the dark
current or increase in the photocurrent because of the smaller grain sizes and the corresponding
absorbance peak is in the UV range. Figure 3.3(b) demonstrates multiple photo-switching cycles
of different devices at a bias voltage of 5 V. The rise time is higher than the decay time because of
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the slow surface oxygen adsorption. Under light illumination, the electron-hole pairs are generated
in the copper oxide thin films, leading to an increase in photocurrent. Besides, photo-generated
electrons also react with oxygen at the surface before electrons recombined with unpaired holes,
resulting in the slow increase of the photocurrent. Without light illumination, at first, the
photocurrent drops abruptly due to the photocarriers recombination following by a slow decay
because of the reaction of remaining holes and oxygen ions. Figure 3.3(c) shows the
photosensitivity or Ilight/Idark ratio, which is increasing with the light intensity. The fabricated
device using copper thin films annealed at 900 °C shows enhanced photosensitivity compared to
other devices because of higher photocurrent and lower dark current. The interdigital device with
the finger-spacing of 10 µm and gold electrodes is depicted in Figure 3.3(d).
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Figure 3.3. (a) I-V characteristics of the copper oxide photodetectors are demonstrated with the
thin films annealed at 800, 850, and 900 ºC. (b) Time-resolved currents of copper oxide
photodetectors are shown with the thin films annealed at 800, 850, and 900 ºC measured under
multiple on/off illumination cycles at a bias voltage of 5 V (light intensity: 100 mW/cm 2. (c)
Photosensitivity (On/Off ratio) of a photodetector fabricated at 800 ºC, 850 ºC, and 900 ºC
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annealing temperature as a function of optical light intensity measured at a bias voltage of 5 V.
(d) Photograph of the fabricated photodetector annealed at 900 ºC (left) and the magnified image
of the interdigital structure (right).
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The detectivity and responsivity of the devices annealed at differ ent temperatures as a
function of the light intensity at the bias voltage of 5 V are shown in Figure 3.4(a). The device
which is fabricated at the annealing temperature of 900 °C exhibits the highest detectivity and
responsivity compared to those annealed at 850 °C and 800 °C. The responsivity is given by R =
Iphoto/Pin (A/W), and detectivity is given by D* = R/(2eIdark/S)1/2 (cm.Hz1/2/W), where Pin is the
incident light intensity, and S is the surface area of the device19). Responsivity is the measure of
photocurrent per optical input and Detectivity is a figure of merit to determine the ability of a
photodetector to detect weak signals. Both responsivity and detectivity are decreasing by
increasing the light intensity because of the high carrier concentration and recombination of
excitons16). The highest responsivity of 15.1 A/W is achieved for a device annealed at 900 °C under
the light intensity of 10 µW, and the corresponding detectivity is 4.52×1012 cm.Hz1/2/W. Figure
3.4(b) illustrates the reliability performance of the device tested for a specific time. The fabricated
device using copper thin films annealed at 900 °C maintains its detectivity and responsivity
without significant degradation for over eight weeks, which implies that the copper oxide-based
photodetector has a strong potential for practical applications and can be used as a UV-Visible
photodetector.
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Figure 3.4. (a) Detectivity and responsivity of a photodetector fabricated at 900 ºC annealing
temperature as a function of optical light intensity is measured at a bias voltage of 5 V. (b)
Detectivity and responsivity performance over eight weeks of operation is shown. The device is
fabricated at 900 ºC annealing temperature and measured at a bias voltage of 5 V.
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Table I. Comparison of this work with copper oxide-based photodetectors in literature.
Materials

Ion/Ioff R (A/W)

D* (Jones)

SR (nm)

Ref.

CuO

1.04

15.3

1.08×1011

400-700

(18)

CuO

610

14.02

3.59×1013

210-290

(10)

SnO2/CuO

592

10.3

-

280

(20)

CuO

57.5

0.59

4.6×108

620-750

(11)

PVK/Cu2O

-

10.23

3.0×1011

632

(21)

CuO/ZnO

-

8.74

4.5×1010

405

(22)

CuO

87

15.1

4.52×1012

365-800

This work

The important device characteristics of this work are compared with previously reported
copper oxide-based photodetectors in Table I.
Conclusion
In summary, we developed a UV-Visible copper oxide-based thin films photodetector,
which demonstrates enhanced optoelectronic performances when the device is fabricated at higher
annealing temperatures. The surface morphology of copper oxide thin films is engineered by
thermal annealing to cover UV-Visible spectral range. We explained the results by the grainstructure model and the effects of the large grain size on the dark current, photocurrent,
photosensitivity, responsivity and detectivity are investigated. We confirmed that the fabricated
device is reliable by testing the detectivity performance for over eight weeks. Therefore, the results
reveal that the fabricated copper oxide photodetector is reliable and can be considered in practical
optoelectronic applications.
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Chapter 4: Effects of light illumination and the filaments confinement on the performance
of CsPbBr3 memory resistors
A. Shariffar, H. Salman, and M. O. Manasreh, “Effects of light illumination and the filaments
confinement on the performance of CsPbBr3 memory resistors,”

Abstract
Memristors are promising candidates for applications such as the internet of things and
neuromorphic computing. To this aim, multifunctional memristors with low energy consumption,
high stability, and retention time are required. The emerging optoelectronic memristors have the
advantage of combining photonics and electronics into a multifunctional device. This study
investigates the effects of light illumination on the resistive switching behavior of inorganic
perovskite CsPbBr3-based memristor. First, A CsPbBr3-based photodetector is fabricated and
characterized which shows excellent photosensitivity. Second, the CsPbBr3 thin film is used to
fabricate a device with a gold-coated probe tip as the top electrode to confine the conductive
filaments growth in CsPbBr3 thin films. The obtained results demonstrate significant improvement
in the resistive switching behavior in terms of stability and uniformity. The memconductance of
this device can be reversibly tuned by varying the intensity of light. Under light illumination, the
set voltage of the device decreases from 0.7 to 0.4 V. Due to the distinct output current of resistance
states with and without light illumination, the device can function as a logic gate by switching
voltage polarity and light intensity. This work provides new insights and suggests a measurement
setup to further understand the resistive switching behavior in CsPbBr3 thin films for future
applications of optoelectronic memristors in logic circuits, digital data storage, the internet of
things, and neuromorphic computing.
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Introduction
Optoelectronic memristors are potential candidates for constructing multifunctional
devices which can be responsive to both electrical and optical excitation [1]. Light-sensitive
materials are highly desired to enhance the optical response of the optoelectronic memristors. To
this aim, inorganic halide perovskites are extensively investigated owing to their excellent light
absorption capability [2]. ABX3 is the general chemical formula representing perovskite materials.
A and B are cations, and X is the anion. Recently, these materials are widely used in various
applications and devices, including photodetectors, light-emitting diodes, transistors, and solar
cells [3]–[5]. The energy bandgap of inorganic halide perovskites is tunable, and they can be
synthesized in the form of thin films and quantum dots [6]. Therefore, these materials are expected
to become essential components for the next generation of optoelectronic devices in the near
future.
In addition, these promising materials show memristive properties as well which is highly
desired in optoelectronic memristors. Memristors (memory + resistor) were first introduced by
Leon Chua in 1971 [7]. A memristor can be defined as a two-terminal device that exhibits a
pinched hysteresis loop in the current-voltage characterization when stimulated by the electric
field. Memristors are traditionally built from metal oxides [8] or organic materials [9] sandwiched
between two electrodes. Among perovskite materials, CsPbBr3 thin films demonstrate high
photosensitivity and memristivity [10] which make them an ideal choice for fabricating
optoelectronic memristors. Until now, most of the research works are focused on either the
memristive property or optoelectronic application of perovskite materials. Therefore, it is desirable
to develop device structures that enable the integration of both memristivity and photosensitivity
properties in one device. Recently, optoelectronic memristors are designed and fabricated to
perform binary arithmetic tasks [11]. Although the proposed devices are operating at low power
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consumption, further investigations are required to improve the resistive switching stability,
uniformity, and retention time.
In this work, we propose a device that can function as a photodetector and memristor
simultaneously. We use CsPbBr3 thin films to benefit from the high photosensitivity and
memristive properties of these materials. A gold-coated probe tip is used as the top electrode to
allow effective light illumination and minimize the shadowing effect on the materials. Moreover,
the Au-coated tip helps to confine the growth and formation of conductive filaments in CsPbBr3
thin films. The memconductance of the fabricated device is reversible by varying the light
intensity.
Experimental
The fabrication process of the device is facile and straightforward. The thin film coatings
of fluorine-doped tin oxide (FTO) on glass were used as the substrate. The substrate was rinsed
ultrasonically using isopropanol, acetone, methanol, and deionized water. The one-step deposition
method was used to prepare the CsPbBr3 solution. Briefly, 0.4 molar of CsBr and PbBr2 in DMSO
was mixed and stirred for 2 hours. The obtained clear solution was spin-coated onto the FTO at
2000 rpm. The resulting thin film of CsPbBr3 is annealed at 100 ℃ for 10 minutes. The spin coating
process can be repeated several times to achieve desired uniformity and thickness of thin films.
For current-voltage (I-V) characterization, two probe tips are coated with 50 nm-thick gold (Au)
using Angstrom Nexdep electron beam evaporator at room temperature. The vacuum pressure was
kept at 6 × 10–7 Torr during the deposition process. We used a solar simulator as a light source
with adjustable light intensities and spectrum from UV to near-infrared. The Keithley 4200 SCS
parameter analyzer is utilized for the current–voltage (I-V) characterization of the fabricated
devices. All the measurements were performed at room temperature.
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Results and discussion
Figure 4.1(a) plots the XRD results of the prepared CsPbBr3 thin films on glass. There are
two distinct characteristic peaks at 15.6°, and 31.2°, ascribed to the (100), and (200) crystal planes
of cubic CsPbBr3 [12]. The optical absorption and photoluminescence (PL) spectra of CsPbBr3
thin films are shown in Figure 4.1(b). The excitonic absorbance peak centers at 517 nm and the
PL peak centers around 528 nm and the corresponding bandgap is estimated to be around 2.3 eV.
Therefore, the fabricated device using CsPbBr3 thin films is mostly sensitive to visible light and
green lasers.
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Figure 4.1. (a) XRD pattern of CsPbBr3 thin films. (b) Photoluminescence (blue) and
Absorbance (red) spectra of CsPbBr3 thin films. A picture of the thin film on glass is shown in
the inset.
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To investigate the light sensitivity of the synthesized material (CsPbBr3), an interdigital
photodetector is fabricated and characterized. The fabrication process is demonstrated in Figure
4.2. A glass substrate is used to fabricate a device with Au/CsPbBr3/Au structure, 50 nm-thick
interdigital gold (Au) electrodes with the 10 µm finger-spacing are deposited using the
photolithography method followed by the electron beam evaporation and lift-off process. The
CsPbBr3 solution is spin-coated onto the device at 2000 rpm for 30 seconds. In the last step, the
device is annealed at 100 ℃ for 10 minutes and wire bonded for current-voltage characterizations.
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Figure 4.2. The fabrication process of CsPbBr3 thin films photodetectors.
A solar simulator with a spectral range from UV to near-infrared is used to illuminate the
device. The light intensity is tunable from 1 to 100 mW/cm2 and the bias voltage starts from -5 V
to +5 V shown in Figure 4.3(a). Figure 4.3(b) shows the I-V characterization of the device. The
photocurrent to dark current ratio is almost two orders of magnitude. The device can function as a
self-powered photodetector since it is optically active at 0 V bias voltage. The time response of
the device is shown in Figure 4.3(c). The output current is measured at 4 V bias voltage while the
light is switched on and off every 10 seconds. The spectral response of the device is measured
using Bruker 125 HR Fourier transform infrared (FTIR) spectrometer. The spectral response is
defined as photocurrent over incident optical power at specific wavelengths. Figure 4.3(d)
demonstrates the spectral response of the device from 350 to 700 nm. The corresponding response
is confined between 380 and 550 nm. The cut-off wavelength depends on the CsPbBr3 bandgap,
which is around 2.3 eV, thus, photons with lower energy cannot be absorbed. At shorter
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wavelengths, the response decays due to the restriction of the beam splitter inside the spectrometer.
The beam splitter absorbs light in the UV region and completely obscures the signal at 380 nm and
shorter wavelengths. The obtained results indicate excellent optical properties of CsPbBr3 thin
films, suggesting potential applications in optoelectronic devices. Therefore, we use CsPbBr3 thin
films as a light-sensitive switching layer in the proposed device. The fabrication process of the
new device is explained in the experimental section.
(a)

Light
Bias voltage
from -5 to +5 V

Figure 4.3. (a) A schematic picture of the fabricated device. (b) The current-voltage
characteristics of the CsPbBr3 photodetector measured under dark and light illumination. (c)
The time response of the CsPbBr3 photodetector at 4 V. (d) The spectral response of the
CsPbBr3 photodetector.
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After the synthesis of thin films, spin coating process, and annealing, the device
CsPbBr3/FTO is ready for current-voltage (I-V) characterization. One of the Au-coated tips is used
as the top electrode and the other one is connected to the FTO as is shown in Figure 4.4(a). The
idea is to minimize the surface electrode area on the top to reduce the generation of conductive
filaments with different lengths [13]. The concept is shown in Figure 4.4(b). A solar simulator is
used as a light source with adjustable light intensities from 1 to 30 mW/cm2. The device is
characterized at room temperature under different light intensities. The input voltage sweeps back
and forth between -3 V to +3 V while the output current is recorded. The resistive switching
behavior is apparent from Figure 4.5 that shows the I-V characteristics of the device based on
CsPbBr3 thin films. There are sudden transitions between the high resistance state and the low
resistance state. Figure 4.5(a) demonstrates the I-V characteristics of the device in the dark
condition, the input voltage sweeps from -3 V to +3 V and the device sets to the low resistance
state at + 0.7 V. While the negative voltage bias is applied from +3 V to -3 V, the device resets to
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the high resistance state at -0.8 V. Figure 4.5(b) depicts the I-V characteristics of the device under
the light illumination, the device sets to the LRS at 0.4 V and the reset voltage is around -0.9 V.
(a)

(b)

Figure 4.4. (a) A schematic picture (left) and the structure of the fabricated device (right). (b)
The large surface electrode area on the top (right) may produce multiple conductive filaments
with different lengths. The electrode tip with a small surface area may minimize the generation
of conductive filaments.
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The resistive switching behavior is consistent over multiple switching cycles. Figure 4.5(c)
shows the stability and switching cycles endurance in the device under light illumination. The
transitions between HRS and LRS are uniform and repeatable. Figure 4.5(d) compares the I-V
characteristics of the device with and without light illumination. The SET voltage is reduced from
0.7 to 0.4 V as we increase the light intensity.
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Figure 4.5. (a) The I-V characteristics of the device in the dark condition. (b) The I-V
characteristics of the device under the light illumination. (c) Resistive switching endurance of
the device under light illumination. (d) The I-V characteristics of the device with (red) and
without (blue) light illumination.
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Figure 4.6 demonstrates the set voltages of the device under different light intensities. The
set voltage is light-dependent and exponentially decreases from 0.78 to 0.43 V as the light intensity
increases from 1 to 50 mW/cm2. To better understand the resistive switching behavior, the effect
of light illumination on the migration of Bromide (Br-) ions in CsPbBr3 must be considered. After
applying bias voltage on the device, the Br- ions migrate toward the anode (Au) and Br- ↔ Br + e. Meanwhile, the bromide vacancies (VBr+) form conductive filaments inside the thin film, and the
device sets from HRS to LRS. On the other hand, the Br- ions diffuse into the thin film once the
bias voltage is reversed and the device resets back from LRS to HRS. To further explain the
photoassisted switching mechanism in the device, the formation of bromide vacancies is
considered. Under light illumination, photoexcited carriers including electrons and holes are
generated in the CsPbBr3 layer. By applying the electric field, electron-holes pairs are separated
and drift toward electrodes, increasing the photocurrent. The Schottky barrier between the CsPbBr3
layer and Au is decreased due to the increase of hole concentration at the interface. Thus, the
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contact between the CsPbBr3 layer and the Au electrode becomes a quasi-ohmic contact [14]. The
photoexcited holes combine with bromide ions h+ + Br- ↔ Br, resulting in the accumulation of
bromide vacancies, which facilitates the formation of conductive filaments [15]. Figures 4.7 (a)
and (b) demonstrate the resistive switching mechanism of the device in dark, and under light
illumination, respectively.
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Figure 4.6. The SET voltage of the device under different light intensities.
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(a)

(b)

Figure 4.7. The resistive switching behavior of the device and the formation of conductive
filaments (a) in dark (b) under light illumination.

The bias voltage and light illumination affect the Schottky barrier between the metal and
resistive switching layer in memory resistors [14]. Figure 4.8(a) demonstrates a schematic of the
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band diagram of the junction between Au and CsPbBr3 in dark. Due to the difference between the
work functions of Au and CsPbBr3 (𝝓𝐴𝑢 > 𝝓CsPbBr3 ) a Schottky barrier forms at the interface of
the Au and CsPbBr3 thin film. Therefore, the electrons move from the CsPbBr3 thin film to the Au
because of the higher Fermi level in the CsPbBr3 layer and trapped holes remain in the CsPbBr3
thin film. As a result, a depletion region, and a built-in electric field form at the Au/CsPbBr3
interface. The internal electric field hinders further carriers transport, and the device stabilizes at
the high resistance state. As the positive voltage bias is applied and exceeds the SET voltage, the
depletion region and internal electric field are weakened and the injected holes accumulate at the
interface, lowering the EF and Schottky barrier. Thus, the contact becomes quasi-ohmic and the
device switches to the low resistance state. When the negative voltage is applied, the injected holes
move back from the CsPbBr3 layer to the Au electrode, and the Schottky barrier increases. As a
result, the device resets back to its original high resistance state. Figure 4.8(b) depicts a schematic
of the band diagram of the junction between Au and CsPbBr3 under light illumination. The
photogenerated electrons are excited in the CsPbBr3 layer and move from the valence band to the
conduction band, leaving holes behind in the valence band. Therefore, the holes concentration
increases at the interface which shifts the Fermi level to the valence band and decreases the
Schottky barrier and depletion region, facilitating the electrons transport at the Au/CsPbBr3
interface. At the same time, extra holes are injected from the Au into the interface, reducing the
barrier more significantly compared to the dark condition. Thus, the light illumination can affect
the SET voltage of the device as shown in Figure 4.6. As the light intensity increases, a larger
number of carriers are generated that intensify the effects mentioned above and a smaller external
voltage is required to inject holes [16]. The constant light illumination neutralizes the carriers
recombination rate and the photocurrent increases as shown in Figure 4.5(d). Therefore, the device
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functions as a photodetector as well. When the negative voltage is applied under the light
illumination, the photocurrent still increases compared to the dark condition due to excess
photogenerated carriers. The electrons move toward the FTO and holes drift back to the Au,
bringing the Schottky barrier to its initial state.
(a)

(b)

Figure 4.8. The resistive switching mechanism in the Au/CsPbBr3/FTO device. (a) in dark. (b)
Under the light illumination.

Conclusion
In summary, we designed and fabricated a photomemristor in which the photocurrent and
resistive switching behavior of the device can be adjusted under light illumination. A device
structure of Au/ CsPbBr3/FTO is fabricated and characterized. The CsPbBr3 thin films are
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separately used in a photodetector which shows high photosensitivity and responsivity. The I-V
characteristics indicate high stability and good endurance as well as low operation voltage of the
memristor. The effect of light illumination on the resistive switching behavior was explained using
the migration of bromide vacancies, Schottky barrier, and the band diagram at the Au/ CsPbBr3
interface. The set voltage of the fabricated memristor decreases as the light intensity increases.
This device can execute multiple tasks by combining electrical and optical inputs. Therefore, the
fabricated photomemristor offers promising applications in logic circuits, digital data storage, the
internet of things, and neuromorphic computing.
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Chapter 5: Conclusion
Over the course of this work, we have completed three experimental steps of the proposed
project. In the first step, various types of quantum dots and thin films are used in different
structures to fabricate memristors. For example, we reported a facile fabrication method and
analyzed the resistive switching behavior of the heterogenous electrodes structure of FTO/CuOCu2O/Au memristor. The copper oxide complex thin film is used as the switching layer, which is
investigated by XRD, Raman, and UV-Vis spectroscopy. The conduction mechanism of the device
follows the space charge limited conduction (SCLC) theory. The achieved I-V characterization
results suggest high endurance, low SET voltage, and efficient power consumption of the device.
However, further investigations are required to increase the retention time and on/off ratio in the
proposed memristor.
In the second part of the work, multiple photodetectors are designed and fabricated using
the same materials used to fabricate memristors in the first step of the work. For instance, we
developed a UV-Visible copper oxide-based thin films photodetector, which demonstrates
enhanced optoelectronic performances when the device is fabricated at higher annealing
temperatures. The surface morphology of copper oxide thin films is engineered by thermal
annealing to cover UV-Visible spectral range. We explained the I-V characterization results by the
grain-structure model and the effects of the large grain size on the dark current, photocurrent,
photosensitivity, responsivity and detectivity are investigated. We confirmed that the fabricated
device is reliable by testing the detectivity performance for over eight weeks. Therefore, the
obtained results reveal that the fabricated copper oxide photodetector is reliable and can be
considered in practical optoelectronic applications.
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In the last part of the work, we designed and fabricated a photomemristor in which the
photocurrent and resistive switching behavior of the device can be adjusted under light
illumination. A device structure of Au/ CsPbBr3/FTO is fabricated and characterized. The CsPbBr3
thin films are separately used in a photodetector which shows high photosensitivity and
responsivity. The I-V characteristics indicate high stability and good endurance as well as low
operation voltage of the memristor. The effect of light illumination on the resistive switching
behavior was explained using the migration of bromide vacancies, Schottky barrier, and the band
diagram at the Au/ CsPbBr3 interface. The set voltage of the fabricated memristor decreases as the
light intensity increases. This device can execute multiple tasks by combining electrical and optical
inputs. Therefore, the fabricated photomemristor offers promising applications in logic circuits,
digital data storage, the internet of things, and neuromorphic computing.
Overall, this work provides new insights and suggests a measurement setup to further
understand the resistive switching behavior in metal oxide and perovskite thin films for future
applications of optoelectronic memristors in logic circuits, digital data storage, the internet of
things, and neuromorphic computing.
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Appendix A: ZnO quantum dots characterization
Synthesis: first, 0.48 g potassium hydroxide was stirred and dissolved in 25 ml methanol.
Then, the obtained solution was added dropwise into 0.1 M solution of zinc acetate dihydrate in
methanol. The mixture was stirred at 60 °C for 2 hours. The obtained white precipitate was washed
with methanol and centrifuged 3 times. The zinc oxide quantum dots precipitate as shown in Figure
A.1and was dried under the vacuum overnight. The dried precipitate was smashed several times
to collect fine white powder. The collected powder was dispersed in 1-buthanol and ethanol for
further characterizations. Figure A.2 demonstrates the absorbance spectra of the zinc oxide
quantum dots solution. The excitonic peak centered at 351 nm ~ 3.5 eV. The inset illustrates the
Tauc plot and the calculated bandgap of 3.18 eV. Figure A.3 shows the Raman spectra and phonon
modes of ZnO quantum dots thin films.

Figure A.1. Pictures of precipitated ZnO quantum dots (left) and dried ZnO QDs powder (right)
“Photo by Amir Shariffar”
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Figure A.2. The absorbance spectra of ZnO quantum dots. The inset illustrates the Tauc plot and
the calculated bandgap of 3.18 eV.
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Figure A.3. the Raman spectra of ZnO quantum dots thin films on glass.
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Appendix B: CsPbBr3 quantum dots characterization
Synthesis: First, 147 mg of lead bromide (PbBr2) and 85 mg cesium bromide (CsBr) were
stirred and dissolved in 10 ml of dimethyl formamide (DMF) at the room temperature. Then, 1 ml
of oleic acid and 0.5 ml of oleylamine were added to the solution. The reaction was allowed to
continue for 30 minutes. The obtained solution was added dropwise into Chlorobenzene under
vigorous stirring until a green emission was observed from the solution (Figure B.1). The
absorbance, photoluminescence, and XRD results of CsPbBr3 quantum dots are compared with
CsPbBr3 thin films to show the quantum confinement effect in Figure B.2, B.3, and B.4.

Figure B.1. Pictures of CsPbBr3 quantum dots solution (right) and precipitated QDs (left).
“Photo by Amir Shariffar”
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Figure B.2. The photoluminescence spectra of CsPbBr3 Quantum Dots and thin films.
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Figure B.3. The absorbance spectra of CsPbBr3 Quantum Dots and thin films.
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Figure B.4. The XRD patterns of CsPbBr3 Quantum Dots and thin films.
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Appendix C: CuO self-powered photodetector
A self-powered photodetector is fabricated using copper oxide thin films annealed at 900
°C. The fabrication process contains two steps of photolithography, metallization, and lift off to
achieve Au/CuO/Ti photodetector. Figure C.1 demonstrates the current-voltage characteristics of
the device. There is two order of magnitude current ON/OFF ratio at 0 V, indicating the ability of
the photodetector to generate open circuit voltage and short circuit current similar to solar cells.
The Time-resolved current response at 5 and 0 V is shown in Figure C.2 and Figure C.3,
respectively.
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Figure C.1. The current-voltage characteristics of the Au/CuO/Ti structure.
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Figure C.2. The open circuit voltage and short circuit current of the self-powered photodetector.
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Figure C.3. The Time-resolved current response of the Au/CuO/Ti device at 5 V.
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Figure C.4. The Time-resolved current response of the Au/CuO/Ti device at 0 V.
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Appendix D: Characterization Tools
UV-Vis spectroscopy
In this project, the Cary 500 UV-Vis spectrophotometer is used to characterize the
absorbance spectra of synthesized materials in the form of liquid or solid thin films. This
instrument covers the spectrum range of 175 to 3300 nm. The absorbance spectra provide useful
information regarding the excitonic peaks and bandgap of materials. The Tauc plot is used to
determine the bandgap of synthesized materials. The absorbance is given by Beer-Lambert law,
I = I0 e-αd
Where I0 is the incident light intensity, I is the transmitted light intensity through the material, d is
the optical path length of the sample, and α is the absorbance coefficient. Therefore, the absorbance
A is given by A = ln (I/I0) with an arbitrary unit.

Figure D.1. A picture of Cary 500 UV-Vis spectrometer located in the optoelectronic lab, “Photo
by Amir Shariffar”
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Photoluminescence
Photoluminescence (PL) is an optical phenomenon in a semiconductor. First, the incident
photons with energy higher than the bandgap of the material are absorbed, and electron-hole pairs
are generated. Second, the excited electrons return to the ground state and emit photons
corresponding to the bandgap of the material. PL measurements are performed to probe radiative
recombination in semiconductors. The PL spectra provide useful information regarding the quality
of the material, full width at half maximum (FWHM), and the bandgap of the material. The Horiba
LabRAM spectrophotometer is equipped with a Synapse CCD detector which is cooled to -70 ͦC
during measurements. A 632 nm red or 472 nm blue continuous lasers are used to excite the
materials in the form of thin films. The incident laser power is adjustable by selecting appropriate
density filters. The laser light is focused onto the sample using an appropriate objective and slit
size. The emitted light from the sample is reflected and guided through the Vis-IR bandpass filter
and a 500 nm cut-off filter.

Figure D.2. A picture of Horiba LabRAM spectrometer located in the optoelectronic lab, “Photo
by Amir Shariffar”
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Raman spectroscopy
Raman spectroscopy is a characterization method to determine the optical phonon modes
of a material. The Horiba LabRAM spectrophotometer is used to determine the optical phonon
modes of the material. A 632 nm red or 472 nm blue continuous lasers are used to excite the
materials in the form of thin films. The incident laser power is adjustable by selecting appropriate
density filters. The laser light is focused onto the sample using an appropriate objective and slit
size. The intensity of inelastically reflected light is significantly less than the elastically reflected
light. Thus, the emitted light from the sample is reflected and guided through the notch filter to
remove the elastically scattered light. Raman spectroscopy was used in this project to confirm the
presence of specific materials components by comparing the position of phonon modes with the
existing literature.
X-ray Diffraction (XRD)
X-ray diffraction or XRD is a characterization method to determine the elements, lattice
spacing, and crystalline quality of the materials. A beam of high-energy X-ray hits the sample at a
given range of angles, then the scattered light from different planes of the crystal undergoes either
constructive or destructive interference, which determines a diffraction pattern. The diffraction
peaks position and intensity are analyzed to determine the elements and crystal structure. This
concept is explained using Bragg’s law,
2𝑑 sin 𝜃 = 𝑛𝜆
Where d is the lattice spacing, 𝜃 is the scattering angle, n is a positive integer, and 𝜆 is the incident
wavelength of the light. In this project, the Rigaku Miniflex X-ray diffractometer is used to
determine the crystalline quality of materials and compare constituting elements of quantum dots
and thin films.
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Figure D.3. A picture of Rigaku Miniflex X-ray diffractometer located in the optoelectronic lab,
“Photo by Amir Shariffar”

Scanning Electron Microscopy (SEM)
Scanning electron microscopy (SEM) is used to investigate nanostructures in detail. A
beam of primary electrons scans the sample, the scattered secondary electrons are collected to form
an image. In this project, we used the FEI Nova Nanolab 200 for advanced measurements of
quantum dots and thin films. The Nova Nanolab is a Dual-Beam workstation with a FEG Scanning
Electron Microscope and a Focused Ion Beam.

Figure D.4. A picture of the FEI Nova Nanolab 200 located in the optoelectronic lab, “Photo by
Amir Shariffar”
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Photolithography
The standard photolithography process is used to fabricate interdigital devices with
different dimensions. The substrate is rinsed ultrasonically using isopropanol, acetone, methanol,
and deionized water. Then, a few drops of the positive photoresist (AZ®P4330) are spin-coated
onto the sample at 3000 rpm for 30 seconds. The photoresist thin film is annealed at 110 ͦ∁ for 3
minutes. The prepared samples are aligned under the photomask and exposed to UV light to
achieve the desired interdigital pattern. After the UV exposure, the samples are immediately taken
into the developer (AZ®400K) for 45 to 50 seconds. Finally, the sample is dipped into the DI
water. The obtained structure is investigated using a microscope to ensure that the developing
process has been successful. Following this process, the samples are loaded into the chamber of
the Angstrom Nexdep electron beam evaporator for metallization. Depending on the device, gold,
chromium, copper, nickel, titanium, aluminum, and silver can be deposited onto the sample at the
desired deposition rate and thickness. Finally, the lift-off process is performed to remove the
photoresist and achieve the patterned device.

Figure D.5. A microscopic picture of the fabricated interdigital device (finger-spacing: 50 µm),
“Photo by Amir Shariffar”
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Current-Voltage (I-V) Characterization
The current-voltage (I-V) curve of all the devices were characterized using a Keithley 4200
parameter analyzer equipped with two SMU units and 4200-PA preamplifiers. In this research, the
voltage sweep was used as the input source, and it was limited between -5 and 5 V. The output
current was measured under the current compliance of 0.1 A. The current time-resolved
measurements were performed at a specific bias voltage, and the current was recorded while the
input light was manually turned on and off. The logarithmic scale was used to depict the significant
differences in I-V results. The Keithley 4200 parameter analyzer can be connected to a probe
station for precise memristive I-V characterizations.

Figure D.6. A picture of the Keithley 4200 parameter analyzer (left) and a solar simulator (right)
located in the optoelectronic lab, “Photo by Amir Shariffar”
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